Chronic drug administration induces neuroplastic changes within brain circuits regulating cognitive control and/or emotions. Following repeated pairings between drug intake and environmental cues, increased sensitivity to or salience of these contextual cues provoke conscious or unconscious craving and enhance susceptibility to relapse. To explore brain circuits participating in such experienceinduced plasticity, we combined functional MRI with a preclinical drug vs. food self-administration (SA) withdrawal model. Specifically, two groups of rats were trained to associate odor cues with the availability of i.v. cocaine or oral sucrose, respectively. After 20 d of cocaine or sucrose SA followed by prolonged (30 d) forced abstinence, animals were presented with odor cues previously associated with or without (S+/S−) reinforcer (cocaine/sucrose) availability while undergoing functional MRI scans. ANOVA results demonstrate that a learning effect distinguishing S+ from S− was seen in the insula and nucleus accumbens, with the insula response reflecting the individual history of cocaine SA intake. A main effect of group, distinguishing cocaine from sucrose, was seen in the medial prefrontal cortex (infralimbic, prelimbic, and cingulate cortex) and dorsolateral striatum. Critically, only the dorsomedial striatum demonstrated a double dissociation between the two SA groups and learning (S+ vs. S−). These findings demonstrate altered cortico-limbic-striatal reward-related processing to learned, environment reward-associated contextual odor cues, which may serve as potential biomarkers for therapeutic interventions.
Chronic drug administration induces neuroplastic changes within brain circuits regulating cognitive control and/or emotions. Following repeated pairings between drug intake and environmental cues, increased sensitivity to or salience of these contextual cues provoke conscious or unconscious craving and enhance susceptibility to relapse. To explore brain circuits participating in such experienceinduced plasticity, we combined functional MRI with a preclinical drug vs. food self-administration (SA) withdrawal model. Specifically, two groups of rats were trained to associate odor cues with the availability of i.v. cocaine or oral sucrose, respectively. After 20 d of cocaine or sucrose SA followed by prolonged (30 d) forced abstinence, animals were presented with odor cues previously associated with or without (S+/S−) reinforcer (cocaine/sucrose) availability while undergoing functional MRI scans. ANOVA results demonstrate that a learning effect distinguishing S+ from S− was seen in the insula and nucleus accumbens, with the insula response reflecting the individual history of cocaine SA intake. A main effect of group, distinguishing cocaine from sucrose, was seen in the medial prefrontal cortex (infralimbic, prelimbic, and cingulate cortex) and dorsolateral striatum. Critically, only the dorsomedial striatum demonstrated a double dissociation between the two SA groups and learning (S+ vs. S−). These findings demonstrate altered cortico-limbic-striatal reward-related processing to learned, environment reward-associated contextual odor cues, which may serve as potential biomarkers for therapeutic interventions.
context cues | neuroplasticity | drug addiction P reventing or reducing the incidence of relapse remains the major challenge for the treatment of addiction, as recidivism rates can range as high as 90%. Both preclinical (1) and human addiction studies (2) have demonstrated that following repeated pairings with drug administration, various contextual and environmental stimuli when subsequently presented alone can elicit drug-seeking and drug-taking behaviors. Further, dysregulation within specific brain circuits regulating cognitive control and/or emotional regulation (3) can amplify the perceived salience of environmental contexts and cues that provoke craving (4) and thereby enhance susceptibility to relapse (2) . These observations speak to the important role of reward learning in addictive processes (5) . As such, it is critical to better understand the neural mechanisms and circuitry underlying the retrieval of cue-induced memories as an important intermediary in developing more efficacious interventions to decrease recidivism.
The amygdala, nucleus accumbens (NAc), and various prefrontal cortical regions respond to drug-associated cues in human cocaine addicts (6, 7) . Supporting their critical roles in the neural circuitry of drug-seeking behavior, these regions have also been identified using preclinical reinstatement models (8, 9) . For example, NAc neurons exhibit conditioned responses to drugassociated environmental stimuli even after prolonged drug abstinence, suggesting persistent alterations in reward-related information processing (10) , whereas inactivation of the dorsal prefrontal cortex (PFC) or basolateral amygdala blocks cue-induced reinstatement (11) .
During the development of drug addiction, drug-seeking behavior becomes progressively established as a maladaptive stimulus-response habit (12) . The transition from goal-directed action to habit-induced response is accompanied by a processing shift from ventral to more dorsal striatal control over drug-seeking and -taking behavior (13) . Inter-and intracircuit processing between the amygdala, the NAc, and ascending striatal circuitry link this system to the dorsal striatum (14) , contributing to habit formation.
Preclinical studies have not as yet examined the neural circuitry underlying conditioned cue responses at a systems level. As such, we adapted a model of contextual cued drug self-administration (SA) and enforced abstinence coupled with functional MRI (fMRI) to simulate environmental cue-induced craving and relapse in humans. To control for motor behavior and nonspecific learning effect resulting from contextual cues (such as the operant chamber and housing light) and to investigate circuit neuroplasticity that is specific to distinct reward types, we included a group of identically treated rats trained to self-administer oral sucrose. Using fMRI, we tested the hypotheses that (i) cue responsivity circuitry can be elucidated in an anesthetized animal; (ii) variations in the emotional valence of learning would elicit differential responses in frontal cortex, amygdala, and ventral striatum, regions strongly implicated in appetitive and aversive learning (15) ; and (iii) selective and specific cue response circuitry will differentiate stimuli previously paired with drug vs. natural rewards.
Results
Behavioral Analyses. Two groups of rats were trained for 20 d to SA either i.v. cocaine or oral sucrose in the presence of an odor (lemon or vanilla) in a discriminative cue conditioning paradigm. Subsequently, rats self-administered cocaine or sucrose for an additional 20 d in a 6 h, long-access (LgA) SA paradigm. Following ∼30 d of drug abstinence, rats were anesthetized and subjected to cue presentations while whole brain fMRI data were acquired (Materials and Methods).
Both SA groups learned to self-administer oral sucrose or i.v. cocaine and to behaviorally discriminate odors paired (S+) or not paired (S−) with reinforcer presentations (Figs. S1 and S2). As expected, the cocaine SA group also escalated their responding over the course of the 20 SA sessions ( Fig. S3 ; SI Materials and Methods).
Olfactory Processing. Odor stimuli produced distinct response patterns in the olfactory bulb following vanilla and lemon odor delivery, irrespective of whether they served as S+ or S− cues during SA training or were presented for the first time to the training naïve, housing control group (Figs. S4 and S5), suggesting that anesthesia did not preclude odor-specific sensory processing and prior exposure to the odors per se did not alter sensory reception and processing.
Main and Interaction Cue Responses in SA Groups. A 2 (group) × 2 (cue type; S+ or S−) whole brain ANOVA revealed main effects of group, cue, and a group × cue interaction. Linear mixed-effects (LME) model analysis of the main effect of learning (differential response between cues collapsing across SA groups) showed significant activation differences in insula and NAc to odors previously serving as S+ and S− (Fig. 1A) . In both regions, the S+ vs. S− cues led to neuronal responses in the opposite direction. Exploratory post hoc analysis of this learning effect revealed a significantly greater response to the S+ cue in the NAc (twosample t test, P = 0.01) but not the insula in the cocaine SA vs. sucrose group (Fig. S6) . There was no difference between these two groups in responses to the S− cues in either area.
The main effect of group (collapsing across cue conditions) revealed two brain regions: the medial prefrontal cortex (mPFC, cingulate and prelimbic cortex) and dorsolateral striatum (DLS; Fig. 1B ) wherein odor responses differentiated the two SA groups, manifest as a negative fMRI signal change in the cocaine SA group but positive fMRI signal response in the sucrose SA group. Finally, only one region, the dorsomedial striatum (DMS), demonstrated a significant learning × group interaction (Fig. 1C) and did so in a double dissociation fashion such that the cocaine SA animals showed negative fMRI signal change to the S+ cue and positive fMRI signal response to the S− cue, whereas the sucrose SA animals showed an opposite pattern of S+/ S− cue responses. Because it is possible that conditioned cue responses might have different temporal profiles when paired to a natural or a drug reinforcer (16, 17) , we reanalyzed our data into early (first minute) and late (second minute) phases of cue presentation using a separate 2 (learning) × 2 (group) ANOVA. LME analysis revealed a significant learning main effect in the insula, NAc, and dorsal striatum ( Fig. 2A) , a significant group main effect in the NAc (Fig. 2B) , and a learning × group interaction in the DMS and central striatum during the first 1-min cue early phase (Fig.  2C) . In contrast, whereas a group effect was seen in the prefrontal cortex, insula, striatum, and amygdala (Fig. 2D) , no learning or interaction effects were seen when only considering the late phase. Table S1 summarizes the results from this whole brain temporal analysis. These data suggest that initial cue presentation engages processes mostly related to reward anticipation (regardless of reward specificity), whereas information about reward outcome (cocaine vs. sucrose) appears to be processed with an additional temporal delay.
Finally, we assessed whether the neuronal responses seen were related to the amount of cocaine or sucrose obtained during the SA training. Only the neuronal response in insula, which demonstrated a significant learning main effect, predicted the amount of cocaine intake during the training sessions. Specifically, both the difference in cocaine intake (infusions during the last SA session minus the first SA session; P = 0.03; Fig. 3A ) and the escalation ratio of cocaine SA (P = 0.02; Fig. 3B ) were positively correlated with the S+ cue response, suggesting that this learning related neuronal readout may reflect the magnitude of addiction severity or cued conditioned strength. There were no correlations between neuronal activity and amount of sucrose intake.
Discussion
Neuronal responses in the insula and NAc distinguished rewardassociated odor stimuli previously paired during cocaine and sucrose SA (S+; Fig. 1A ), regardless of reward type (i.e., a learning response) and did so with a greater neuronal response to S+ (vs. S−). In contrast, the odor response in the mPFC (prelimbic, infralimbic cortex, CG1/CG2) and DLS differentiated the cocaine-from the sucrose-associated olfactory stimuli (i.e., a group response), but did not distinguish S+ from S− (Fig.  1B) . Intriguingly, only the DMS, an important convergent region linking reward pathway with those associated with cognitive processing and motor control circuits, demonstrated a group × cue response interaction, with the signal following the S+ and S− responses inverted between the sucrose and cocaine groups (Fig.  1C) , suggesting a functional double dissociation calculation that produced a readout signaling both reward anticipation coupled with prediction of reward specificity or incentive salience (reward outcome, in this case, cocaine vs. sucrose). Finally, neuronal processing potentially related to reward anticipation and reward outcome appear to have distinct temporal profiles, with earlier cue processing in the NAc, DLS, and insula ( Fig. 2 A and B ) most sensitive to reward presence or absence (the difference between S+ and S−) regardless of reward type, whereas somewhat more delayed computations (Fig. 2D) , mostly within the amygdala, insula, mPFC, and striatum, differentiated between reward types, i.e., cocaine vs. sucrose. Both the DMS and dorsal central striatum produced a learning × group odor discrimination response during the first minute of cue presentation (Fig.  2C) . Finally, only the cue response magnitude in insula predicted the escalation of cocaine SA over the course of training (Fig. 3) .
Cue Response as a Function of Learning. Consistent with the extant literature, we observed learning-related cue responses (S+ vs. S−) in the NAc and insula (Fig. 1A) . Single-unit recording in rodents and nonhuman primates have implicated ventral striatal neuronal , and learning × group interaction effects (C) revealed by a liner mixed effect model (LME) to olfactory stimulus presentation. Activation regions are overlaid onto a standard rat atlas to facilitate anatomical localization and show statistically significant differences in (A) response to S+ vs. S− in insula (spatial extent 10 voxels) and NAc (9 voxels), (B) difference between cocaine and sucrose groups in medial prefrontal (8 voxels) (infralimbic, prelimbick and cingulate cortices) and dorsal striatum (9 voxels), and (C) double dissociation response pattern in dorsal striatum (7 voxels) to S+ and S− in cocaine and sucrose groups. Note, spatial extent of significant clusters for Figs. 1 and 2 is based on a resampled voxel size of 0.14 × 0.14 × 1 mm 3 for coregistration to a brain atlas and 0.14 × 0.14× 0.18 mm 3 for coregistering to T1 images, respectively.
encoding of stimulus-reward associations (18, 19) and cue-induced reward expectation (20, 21) . Human functional neuroimaging data also demonstrate ventral striatal activity to cue presentation following appetitive and aversive Pavlovian conditioning (22) . The NAc, under the influence of dopamine (DA) release from the ventral tegmentum and glutamatergic afferents from the PFC, amygdala, and hippocampus, integrates limbic information related to memory, drive, and motivation with the generation of goal-directed motor behaviors (23) . This area is also activated by conditioned cues in rats undergoing a variety of extinction manipulations (24) (25) (26) . The insula, a structure recently implicated in addiction (27) , was the only other region showing a differential response to S+ and S−. Projections from anterior insular cortex to ventral striato-pallidum and extended amygdala are thought to contribute to learned-and motivation-driven behaviors, especially those requiring emotional processing (28, 29) . Human imaging studies suggest that the anterior insula provides a rich interoceptive foundation within which emotionally salient activity from forebrain regions, including the orbitofrontal, dorsolateral prefrontal, and anterior cingulate cortices may be integrated (27) . Interestingly, greater activation to unexpected versus expected stimuli in anterior insula, ventral striatum, and orbitofrontal cortex is also seen in humans to taste stimuli (30) , consistent with the observed signal difference in these same areas to S− (vs. S+) presentation. Recent theoretical models suggest that anterior insula together with cingulate forebrain regions process the relative salience of stimuli signaling to the organism to attend to external vs. internal homeostatically relevant stimuli (31) . Our data support a common role for the insula in responding to learned environmental cues that signal both food and drug (32) .
Cue Response as a Function of Group. Cue responses in the mPFC and DLS discriminated the cocaine from the sucrose SA groups. The DLS is critical for both the acquisition and the expression of goal-directed behaviors (33) . Moreover, the DLS, analogous to the putamen in primates, is involved in relatively inflexible response learning that is insensitive to outcome devaluation (34) a hallmark of drug addiction (35) . Habit learning has been implicated in the transition from early drug use to the compulsive drug seeking that characterizes addiction (12, 13) . Lesions of the DLS attenuate cue-controlled drug seeking (36) . Pavlovianinstrumental transfer is thought to underlie the role of cues in drug seeking (37) and may reflect cortical-basal ganglia interactions. Our infralimbic-dorsal striatal cue response is consistent with the role these structures are thought to play in regulating habit behavior.
How might the dorsal striatum distinguish between cocaine vs. food reinforcers (38) ? One possible mechanism is the more robust DA release (39, 40) and neuronal firing seen from drug-vs. nondrug-rewarded contexts. Distinct populations of NAc neurons differentially process information about goal-directed behaviors for cocaine versus natural reward (41, 42) . Further, cocaine administration has been suggested to more rapidly accelerate the development of habits than that of a food reinforcer (13) .
Differential cue responses as a function of group were also seen in the mPFC. A major aspect of addiction is the pathological narrowing of goal selection to those that are drug related to the exclusion or minimizing of natural or biological reinforcers, including food. Regions of the PFC are associated with the cognitive control that permits goal-directed behavioral selection via the active maintenance of goal representations (43) . Phasic DA release (44) during repeated drug intake would likely produce neuroadaptations in the PFC, ventral, and dorsal striatum reflected in the observed differential cue response.
Double Dissociation of Learning and Reward Type. Perhaps our most provocative finding is the DMS response that identified both the cued learned association (S+ vs. S−) and reward type (cocaine vs. sucrose) in a double disassociation fashion (Fig. 1C) . The basal ganglia are known to integrate the learning and motivational processes through which actions are acquired, selected, and implemented to determine adaptive decision-making (45) . In this context, our results suggest that DMS computes information (or receives partially or fully computed information) associated with reward anticipation and reward outcome values and that striatal neuroadaptations, perhaps manifest during the incubation period that followed prolonged cocaine and sucrose SA, may have altered cue information processing to differentiate responses to S+ and S− in the two SA groups.
That the same learning experience can result in differential synaptic changes in the DLS and DMS has been previously reported (33) . The DMS, part of a circuit incorporating the mPFC, medial dorsal thalamic nucleus, and substantia nigra, mediates goal-directed actions that involve a DA-mediated reward process (45) . In contrast, habits appear to be encoded in a network involving sensory-motor cortical inputs to the DLS. In addition, dual cortico-basal ganglia systems permit both parallel and integrative processing (14) , such that convergence zones link reward pathway with those associated with cognitive function. A recent study by Murray et al. (46) provides further evidence suggesting differential roles for the DMS and DLS in goal-directed vs. habitual performance during cocaine-seeking behavior. Our data are highly consistent with the proposed distinct neural networks that mediate the acquisition of goal-directed actions and habits and the role of goal values and learned rewards in action selection (45) .
Interaction Between Striatal and Other Circuits. Our data are consistent with corticolimbic-striatal mechanisms associated with discriminative cue response to cocaine vs. natural rewards. The primate and rodent striatum has been organizationally described as cascading serial circuits that link the ventral medial with progressively more dorsal lateral regions of the striatum with midbrain DA neurons (12) . This anatomical pattern has been hypothesized to underlie the development of addiction, as the pursuit of drugs become progressively less goal directed and more habitual, such that neuroadaptations that are initially restricted to more ventral striatal areas at the earliest stages of drug use progressively involve more dorsal and lateral striatal activity (12) . Cocaine intake has been postulated to shift the balance of associative encoding between these two regions, leading to regionally specific effects on neural processing in striatum (47) .
Our data suggest that NAc plays an important role in differentiating not only the conditional stimuli but also reward types, perhaps as a function of altered activity from dopaminergic and glutamatergic neurons projecting from VTA and amygdala/prefrontal cortex, respectively (48) . This speculation is consistent with the differential response to cues in amygdala and prefrontal cortex in the cocaine and sucrose groups. The amygdala is particularly implicated in the acquisition, storage, and expression of emotional memories and in reward processing and stimulus-reward associations through its interactions with the ventral striatum (49, 50) . The amygdala also projects to a variety of corticalbasal ganglia network structures implicated in the control of goal-directed action. Finally, the amygdala is necessary for encoding outcome values within the insula cortex (51), with these data then distributed to regions of prefrontal cortex and striatum to control action (52) . Critically, these regions, including the prelimbic cortex and dorsal striatum, demonstrated differential olfactory cue responses in the cocaine and sucrose SA groups.
Early-Late Cue Responding. Drug-related salient stimuli induce the reinstatement of drug seeking behavior in preclinical models of addiction, as human studies have consistently pointed toward the role of cues to enhance motivation to seek and take drugs, either via conscious or unconscious craving (13) . Our data suggest that information readout following environmental cues have distinct temporal and regional profiles. The earlier cue readout (Fig. 2 A-C) involving the NAc, dorsal striatum, and insula may reflect the presence/absence of a reward, with the NAc also processing reward specificity. Contemporaneously, the DMS may calculate an interaction between learning and motivational processes into performance. In contrast, relatively delayed computations (Fig.  2D) within the amygdala, insula, mPFC, and striatum may signal reward types. These regional cue responses are consistent with a priming model that connectivity among the amygdala, ventral striatum, and anterior cingulate cortex could be a core neural circuit of drug cue-and stress-related drug reinstatement (53).
Limitations and Technical Considerations. Rats in this study were anesthetized and thus unable to demonstrate outcome selection to cue presentation (although they demonstrated odor discrimination during earlier SA training; Fig. S2) . Thus, the implications and behavioral relevance of our findings await confirmation in a behaving model. Nevertheless, several observations speak to the minimal role played by anesthesia in our cue responses and the integrity of the model. For example, anesthesia did not preclude olfactory bulb activation to odor presentation. Indeed, a similar pattern of activation was seen for both odors (lemon and vanilla), whether they served previously as S+ or S− in SAtrained rats or were presented for the first time in naïve animals (Fig. S4) . Anesthesia does not seem to significantly alter brain networks revealed during the resting state (54, 55) , and our whole brain ANOVA analysis produced brain regions compellingly consistent with those seen in awake, behaving models of drug addiction.
It should also be noted that our naïve, handling control group was not perfectly matched to our SA treatment groups in that animals were not subjected to sham catheter surgery (nor was the sucrose SA group) nor did they receive odors before imaging. However, the many months between catheter surgery, SA training, and subsequent imaging should have been sufficient to preclude surgery-related issues.
The above comments on temporal difference processing of reward anticipation and outcome must be tempered by the very different time scales between the fast, single cell electrophysiology signal and that of the slower and more delayed fMRI response measured herein (56) . Although the precise relationship of the fMRI signal has yet to be causally attributed to a neuronal computation leading to a behavioral response, it should be noted that it has been repeated shown to correlate with human subject processing of perceived reward value and incentive salience (57, 58 ).
An additional unanswered question relates to the neurobiological significance of the regional cerebral blood volume (rCBV) response polarity. The NAc learning effect was manifest as reduced rCBV to the cue, which may reflect inhibition of NAc neural activity (59) . However, interpretation requires caution as many neural and nonneural factors may contribute to the hemodynamic signal (60) (61) (62) .
Conclusion
In conclusion, using fMRI and a preclinical SA + incubation model of drug addiction, we provide evidence of differential responding to reward-associated olfactory cues in rats with a history of chronic cocaine and sucrose SA along with a functional interaction of information processing in a cortico-limbic-striatal system involved in goal-directed rewarded and instrumental behavior. We demonstrate that several components of this system are coactivated by cues to both potentially anticipate reward and encode reward outcome values, presumably as a result of convergence of distinct cortico-striatal projections. Our data suggest that cues associated with cocaine-reinforced SA behavior engage motivation-related brain circuits in the ventral and dorsal striatum and mPFC that are also activated by natural reward associated cues, although the neuronal encoding appears distinct.
Materials and Methods
Subjects. Forty male 12-wk-old Long-Evans rats (Charles River Laboratories) underwent surgical procedures, behavioral training, and 11-17 d of drug abstinence at the University of Pennsylvania. Animals were then transferred to the National Institute on Drug Abuse, Intramural Research Program, where they were maintained for an additional period (total abstinence Fig. 3 . Cue-associated insula response reflects prior drug exposure history. Scatter plots of percent rCBV signal change and (A) difference in cocaine intake during the last SA session minus that during the first SA session and (B) the escalation ratio of cocaine SA intake.
period, 30-34 d), followed by brain imaging procedures. All food, caging, bedding, and the reverse light-dark cycle were identical at the two facilities. Protocols were performed in accordance with the Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of the University of Pennsylvania and the NIDA-IRP.
Cocaine SA. Following jugular catheter implantation, animals in the cocaine SA group (n = 12) were trained to self-administer cocaine (0.75 mg/kg per infusion) in daily 1-h sessions under a fixed-ratio 1 (FR1) schedule of reinforcement for 4 d. Before placement of an animal into the chamber each day, a contextual odor cue (serving as a S+) in the form of a cotton swab soaked in either a lemon or a vanilla scent (Pure Lemon Extract and Pure Vanilla Extract; McCormick) was inserted underneath the chamber floor; one half of the animals receiving the lemon and half received the vanilla as their S+. Each lever press was followed by delivery of a cocaine infusion, which was paired with a 7-s illumination of the lever light. An 8-s time-out period followed each reinforced lever press, during which responding was recorded but not reinforced (see SI Materials and Methods for details of surgery and SA apparatus).
Odor Discrimination Training. After the initial 4 d of cocaine SA training, animals were switched to an odor discrimination training phase consisting of daily S+ sessions (7 d/wk for 2 wk) identical to the previous training sessions, except that cue lights were now no longer presented. In addition, an S− session was conducted each day 15 min before or after the S+ session.
Odor Discrimination Test Sessions. Odor discrimination performance was assessed in two extinction test sessions conducted on successive days (one S+ and one S− odor session). Animals were placed in the operant chamber with the S+ or the S− odor and allowed to press the lever for 15 min, during which time the lever presses were recorded but not reinforced. The order of the S+ and S− sessions were counterbalanced across animals. Sucrose and Housing Control Groups. A separate group of rats (n = 14), serving as a positive control, was trained to self-administer sucrose instead of cocaine. A third group (n = 12) of animals served as a negative control group and remained in the colony room. They were not exposed to the operant chambers or operant procedures but were otherwise handled and treated as the two SA groups.
MRI Experiments. Rats were anesthetized with 2% isoflurane in a 1:1 mixture of O 2 :air, and both femoral veins and one femoral artery were catheterized for drug delivery and monitoring arterial blood gases and blood pressure, respectively (SI Materials and Methods). They were then intubated and placed on artificial ventilation. Intravenous propofol (35 mg/kg/h) was initiated and used to maintain a stable anesthetic level throughout MRI data acquisition.
Scanning Procedures. MRI experiments were performed on a Bruker Biospin 9.4-T scanner (Bruker) equipped with an active-shielded gradient coil. A birdcage coil driven in linear mode was used for radio frequency excitation, and a single-turn circular surface coil (2.5 cm in diameter) was used for signal reception (55) . Anatomical localization of slices was standardized using T2-weighted images (T2WI) with a rapid acquisition with relaxation enhancement (RARE) sequence. The anterior commissure (−0.36 mm from the bregma) was used as the anatomical fiducial for standardizing slice localizations. Cerebal blood volume (CBV)-weighted data were acquired following i.v. administration of 20 mg/kg iron-oxide contrast agent, a dose shown to enhance the sensitivity of and offset the positive fMRI effect in CBVweighted fMRI signals (63) . A fast low-angle single shot gradient-echo imaging sequence was used with the following parameters: field of view = 3.0 cm, matrix size = 64 × 64 (in-plane resolution of 470 μm), slice thickness = 1.5 mm, number of slice = 15, flip angle = 90°, repetition time = 240 ms, and echo time = 4.5 ms. A total of 80 time points were collected with a temporal resolution of 15.36 s.
Experimental Paradigm. Each rat was exposed to both S+ and S− odors in a single MRI session, which consisted of 10 2-min epochs. Two S+ and two S− epochs were delivered consecutively, separated by two 2-min epochs of pure air. The order of S+ and S− presentation was counterbalanced, giving two vanilla scent presentations always first and two lemon scent presentations second. The odor and/or air were delivered at a rate of 1 L/min through two pieces of tubing placed bilaterally within the nares and connected to a custom-built MRI compatible flow olfactometer. Fig. S7 shows details of the experiment and the stimulus presentation.
CBV Data Analysis. Image analysis was performed offline using analysis of neuroimages (64) . Images were first motion corrected by registering each 3D volume to a base volume and then manually registered onto a common 3D space to facilitate group comparisons. Before linear model fitting, the time series at each voxel was low-pass filtered to eliminate high-frequency noise and removal of linear and quadratic trends. A Gaussian filter of 0.6 mm full width at half maximum was applied for spatial filtering. Session baseline data (i.e., the first eight time points consisting of air before odor presentations) were averaged to represent the baseline signal, which was subsequently subtracted from the images obtained during S+, S−, or air epochs at each time point on a pixel-by-pixel basis.
Iron oxide particles were used as a long half-life intravascular contrast agent. After infusion, the paramagnetic property of the contrast medium causes local magnetic field changes that result in a decrease in the relaxation time and, in turn, leads to reduced signal intensity. For example, an increase in CBV will induce an increase in the intravoxel contrast agent and consequently a decrease in MRI signal. In the present study, the percent rCBV change (% ΔrCBV) is thus defined as a negative fMRI signal change:
where S is the measured signal, and S 0 is the signal from baseline epoch.
Statistical Analysis. We used a general linear model (GLM) with a boxcar design representing the 2-min on-and off-periods to fit individual signal time series. Before the GLM, we first corrected for signal drift and subtracted the preliminary baseline value (i.e., the averaged value of the first eight time points consisting of air before odor presentations) from the fMRI raw time series and normalized the signal changes by dividing by the preliminary baseline value. Further, the baseline of the periods in between odors was modeled by using a polynomial function, which models the baseline with a constant value, a linear drift, and a higher order-shaped curve (quadratic, cubic and quartic) baseline, which captures most signal drift in each scan run.
The voxelwise average fMRI signal change (β value) amplitude produced by each odor condition was determined relative to baseline and submitted to a group level analysis. The statistical clusters were resampled to 0.14 × 0.14 × 1 mm 3 for coregistration to a brain atlas (65) and 0.14 × 0.14× 0.18 mm 3 for coregistering to T1 images. A cluster-based analysis (Monte Carlo simulation) was applied to account for multiple comparisons. All of the group statistical maps below were thresholded at a whole brain, multiple comparison-corrected α level of P ≤ 0.05 using a voxelwise (cluster size, seven voxels) α of P = 0.05. To confirm that the scent was appropriately delivered and neuronally processed in this anesthetized preparation, we first examined brain activation following olfactory stimuli using a 2 (scent: vanilla and lemon) × 3 (group: control, cocaine, and sucrose self-administering) ANOVA. To account for learning, two-sample t tests were conducted in the cocaine and sucrose SA groups for S+ (lemon S+ vs. vanilla S+) and S− (lemon S− vs. vanilla S−) stimuli.
In subsequent statistical analysis in the cocaine and sucrose SA groups, two contrasts acquired during S+ (vanilla or lemon) and S− (vanilla or lemon) presentation were used. Because half of each SA group was trained with lemon and half with vanilla as S+ (the other odor serving as the respective S−), data from each group (cocaine or sucrose) under the same condition (S+ or S−) but with different scent stimuli (vanilla or lemon) were combined for subsequent statistical LME model analysis (Fig. S7A) . LME modeling consisted of 2 group (cocaine vs. sucrose) × 2 learning conditions (S+ vs. S−).
To examine potential temporal differences in the response between sucrose-and cocaine-related stimuli that might be reflected in the relatively long-duration odors, data from each 2-min odorant presentation were separated into an early (first minute) and late (second minute) phases (Fig. S7B) .
The relationship between rCBV changes and SA behavior was evaluated using the Pearson correlation coefficient in regions showing significant statistical effect from the LME analyses. Three separate metrics were used to quantify cocaine and sucrose SA behavior: (i) the difference in intake during the last minus the first SA session (D); (ii) escalation ratio, defined as D/intake during the last SA session; and (iii) the sum of all SA sessions.
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Liu et al. 10 .1073/pnas.1207531110 SI Materials and Methods Surgery and Postoperative Maintenance. Animals were deeply anesthetized with ketamine (30 mg/kg i.p.) and xylazine (5 mg/kg i.p.). A catheter was implanted in an external jugular vein and passed s.c. to the top of the back where it exited into a connector. Catheters were flushed daily with 0.2 mL of an ampicillin solution (0.1 g/mL) containing heparin (300 IU/mL) to maintain patency. All animals had free access to water but were restricted to 15-20 g of food each day to maintain body weight at ∼370 g.
Apparatus. Training and testing sessions were conducted in Plexiglas operant chambers (34 × 23 × 329 cm; length × width × height) placed inside sound-attenuating cubicles. Each chamber was equipped with a response lever, lever light, drinking trough, and a syringe pump for sucrose or cocaine delivery.
Cocaine SA. We used distinct olfactory odors as conditional stimuli for both practical and theoretical reasons. First, we needed to provide readily distinguishable discriminative stimuli in both the awake behaving and anesthetized animal. Further, given the hedonic primacy of odor perception (1), odors have long been known to act as unconditional stimuli in conditioning experiments, whereas experience and familiarity significantly enhance odor quality discrimination (2, 3).
Odor Discrimination Training. During the intersession interval, animals were returned to their home cages, and the operant chambers were ventilated. On S− sessions, animals were exposed to an S− odor cue, and lever presses were reinforced with an infusion of saline. The S− odor was either lemon or vanilla scent, whichever was not assigned to the animal as their S+.
Sucrose and Housing Control Groups. These animals were exposed to identical SA pretraining, odor discrimination training and testing, and LgA training as the abovementioned cocaine group with the following exceptions: (i) each reinforced lever press was followed by delivery of a sucrose solution into a drinking well (0.2 mL of 32% sucrose over 10 s), and (ii) the number of sucrose infusions was matched to the daily number of cocaine infusions earned by a rat in the cocaine group.
Statistical Analysis. Because of poor image quality, one control animal was omitted from the olfactory bulb analysis. Data were not obtained from two cocaine SA rats because of errors in or complications during scan preparation. The cocaine and sucrose groups therefore differed in number. As a consequence, the average number of reinforcers earned by the sucrose and cocaine groups is not identical, given the behavioral matching procedure experimental design. However, statistical comparisons confirmed that there was no significant difference in the average reinforcement exposure between the cocaine and sucrose groups (Results).
Animal Preparation and Physiological Measurements. On imaging test days, rats were anesthetized with 2% (vol/vol) isoflurane in a 1:1 mixture of O 2 :air, and glycopyrrolate (0.5 mg/kg, s.c.), a peripherally acting muscarinic antagonist, was administered to prevent airway blockade. Both femoral veins and one femoral artery were catheterized with PE-50 tubing for drug delivery and monitoring arterial blood gases and blood pressure, respectively. The wound area and incision were infiltrated with the local anesthetic Marcaine and closed. Last, rats were intubated and immediately transferred to a customized animal holder and placed on artificial ventilation (Rodent Ventilator, Model 683; Harvard Apparatus). Delivery of isoflurane was terminated, and an i.v. infusion of propofol (35 mg/kg/h) was initiated to maintain a stable anesthetic level throughout MRI data acquisition. The rat head was secured with a bite bar and ear bars for positioning within the center of the magnet. Core body temperature was maintained at 37.0 ± 0.5°C with a circulating water heating pad. The neuromuscular blocker, pancuronium bromide, was administered continually (loading dose, 2.0 mg/kg followed by continuous infusion at 2.0 mg/kg/h) via a dedicated i.v. line to ensure the absence of motion artifacts. End tidal CO 2 and O 2 , heart rate, blood pressure, and temperature were monitored continuously. Arterial blood gases were sampled intermittently and maintained within normal physiological limits (pCO 2 , 35-45 mmHg; pO 2 , >110 mmHg).
SI Results
Self-Administration Behavior. Acquisition. A three-way ANOVA revealed significant main effects of reward (cocaine vs. sucrose) (F (1,24) = 18.23; P < 0.001), day (F (13,312) = 12.94; P < 0.001), and cue (S+ vs. S−; F (1,24) = 80.63; P < 0.001). There were also significant cue × reward (F (1,24) = 11.80; P < 0.01) and day × cue interactions (F (13,312) = 16.01; P < 0.001), but no three-way interaction (F (13,312) = 1.51; not significant), indicating that both groups learned to discriminate the two odors.
Based on the above, secondary analyses demonstrated a significant effect of day (F (13,143) = 4.03; P < 0.001), cue (F (1,11) = 66.41; P < 0.001), and a day × reward interaction (F (13,143) = 7.91; P < 0.001) in the cocaine self-administration (SA) group. Post hoc analysis revealed that the number of infusions during the S− session significantly decreased starting at the third session (P < 0.001) and continued to decrease thereafter until reaching a stable level at session 11 (P < 0.01). In contrast, the number of infusions during the S+ session remained stable during the 14 d of training (Fig. S1) .
Similarly, the sucrose SA group showed a significant effect of day (F (13,169) = 11.35; P < 0.001), cue (F (1,13) = 17.82; P < 0.001), and a day × reward interaction (F (13,169) = 10.05; P < 0.001). Post hoc analysis revealed that the number of infusions during the S− session significantly decreased from the third session (P < 0.05) and continued to decrease thereafter until stabilizing on day 8 (P < 0.01). Once again, the number of reinforcers during the S+ session remained stable during the 14 d of training (Fig. S1 ). As designed, the sucrose and cocaine SA rats were matched for number of rewards. Discrimination test session. A two-way ANOVA with reward and cue as factors revealed a significant effect of cue (F (1,24) = 57.24; P < 0.001) but not reward (F (1, 24) = 0.37; not significant) or reward × cue interaction (F (1, 24) = 0.09; not significant). Thus, for both cocaine and sucrose SA animals, the number of total presses was significantly higher for the S+ than for the S− odor in the discrimination test session (P < 0.001; Fig. S2 ). Long-access training. As expected, cocaine intake gradually escalated from 56 to 90 infusions/d (F (19, 209) = 15.34; P < 0.001). The rate of cocaine infusions significantly increased from the fourth SA session (P < 0.01) and then maintained throughout the 20-d LgA training (P < 0.01; Fig. S3) .
A repeated measures ANOVA for the S-sessions with DAY (last day of initial training phase and 8 d of S-sessions during the LgA phase) and REWARD (cocaine vs. sucrose) revealed a significant effect of REWARD (F (1,24) = 11.06; P < 0.01), but no DAY x REWARD interaction (F (8, 192) = 0.56; NS), demon-strating that both cocaine-and sucrose-SA animals maintained the odor discrimination across the long-access (LgA) phase. Moreover, the escalation in responding during S+ sessions did not reflect a general increase in operant responding.
Odor Information Processing. To demonstrate that rats were indeed able to sense and process odors in this anesthetized preparation, we first analyzed the cerebal blood volume response in all three groups in a single ANOVA model. This 3 (groups) × 2 (scents) ANOVA revealed a significant main effect of scent in the olfactory bulb, with greater functional MRI (fMRI) response to the lemon vs. vanilla odor. In addition, a group × scent interaction was found in the insula (Fig. S4A) , showing a different pattern of response in SA groups compared with naïve animals (Fig. S4B) . To account for potential neuronal responding associated with olfactory stimuli novelty and training procedures (the housing control group had never experienced any odors before imaging), we compared the response from both self-administering groups separately for S+ (lemon vs. vanilla) and S− (lemon vs. vanilla), independent of their associative properties, and compared that in naïve animals (lemon vs. vanilla). Individual twosample t tests showed similar patterns of scent effects in the olfactory bulb in both SA groups (with a larger response to the lemon compared with the vanilla odor) regardless of learning experiences (S+ or S−; Fig. S5 ). This response pattern was similar in the naïve control group, suggesting minimal effect of prior odor exposure on neuronal responding. S4 . Brain responses to odor stimuli. Statistical maps and fMRI signal changes in (A) olfactory bulb (bregma +7.64; 42 voxels) and (B) insula associated with lemon or vanilla scent presentation. Images in A and B represent percent regional cerebral blood volume (rCBV) signal changes during lemon or vanilla scent presentation compared with the air epochs plotted onto anatomical images. Data were analyzed using a 3 (groups: cocaine, sucrose, and control) × 2 (scent: lemon and vanilla) ANOVA. Main effect of scent was observed in olfactory bulb (A). Group × scent interaction was seen in insula (12 voxels; bregma +1.64) (B). Both SA groups showed a similar pattern of responding to lemon and vanilla odors, which was different from the control group. . Experimental design for the fMRI study with olfactory cues presentation in rats with a history of cocaine or sucrose SA and data analysis schema. (A) Overall 2-min epoch analysis. Linear mixed-modeling (LME) with effects of learning (S+ vs. S−) and group (cocaine vs. sucrose) was performed for the entire 2-min olfactory stimuli presentation period. (B) Data analysis schema dividing the 2-min odor presentation period into early (first minute) and late (second minute) phases. Early or late phase under the same repeated odorant stimuli (vanilla or lemon) was averaged for each animal. LME modeling with effects of learning (S+ vs. S−) and group (cocaine vs. sucrose) was performed separately for early and late phases. S+, olfactory stimuli associated with cocaine or sucrose SA; S−, olfactory stimuli used in discrimination testing during the no-reward condition (see Experimental Paradigm for details). LME, linear mixed effects modeling; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; rCBV, regional cerebral blood volume.
